Abstract -Ulnar Collateral Ligament (UCL) injuries among overhead throwing athletes are an increasing epidemic. The most common and successful treatment for this injury is reconstruction surgery. Success of UCL reconstruction is only measured in the short-term and little is known about the long-term consequences. No research has been conducted to analyze the effectiveness of reconstruction while accounting for the forces of relevant muscles during dynamic testing. The goal of this project was to design and fabricate a dynamic elbow flexion simulator for cadaveric testing. A biomechanical study was then conducted using the custom apparatus to further investigate potential long-term effects of UCL reconstruction.
I. INTRODUCTION
Players who participate in sports involving repetitive overhead throwing motions often experience injury to the elbow. The UCL is most commonly injured in these circumstances as it provides primary stability to the elbow joint. If left untreated, UCL injuries are career-ending [1] . These injuries can be especially devastating since many patients are young and will have to live with the repercussions far beyond an athletic career [2] . Since the 1970's, several UCL reconstruction techniques have been developed [3] . Though reconstructions tend to have high surgical success rates, this success is only measured as the ability of the player to return to play after one year [4] . Currently, there are no data to determine if UCL reconstruction will cause chronic conditions for patients later in their lifetimes. However, in a 2006 study conducted on cadaver ankle joints, it was determined that any changes to the mechanical profile of the joint resulted in concentrated contact stresses along the articular tissue. Concentrated contact stresses in this region are known to lead to cartilage degeneration and eventually to osteoarthritis (OA) [5] . The goal of our project was to design a dynamic elbow simulator to use in a cadaveric biomechanical study. The aim of the cadaveric study was to explore whether or not UCL reconstruction alters joint-contact mechanics within the elbow.
II. MATERIALS AND METHODS

A. Development
The goal of this project was to design and fabricate a dynamic elbow flexion simulator for cadaveric testing of UCL injury and reconstruction. Flexion was simulated by applying controlled loads to sutured tendons of three main muscle groups using an Instron actuator. Several project constraints were identified including time, budget and equipment restrictions as well as limitations associated with cadaveric testing.
The apparatus was designed and built as a series of interconnected components that interface with one another to create a working system. These components include humeral fixation, forearm fixation, and actuation.
1) Humeral Fixation
The humeral fixation component consisted of a PVC device, which secured the humerus of the specimen using bolts. Pulleys were attached to the PVC to maintain the muscle lines of action for the biceps brachii, brachialis, and triceps brachii. The PVC device can be seen in the figures below. Since the cadaveric specimens were amputated mid-humerus, the muscle insertion points were not present and therefore the muscle lines of action could not be determined from the specimens directly. Therefore, OpenSim 3.2, an open source musculoskeletal modeling program, along with the Arm26 was used to determine the angle in which to apply loads to each muscle group [6] .
2) Forearm Fixation The next component of the system was forearm fixation, which included the forearm fixation plates and the forearm guides. The forearm fixation plates, as seen in the figure below, were clamped along the forearm to prevent pronation of the radius over the ulna during dynamic testing. 
3) Actuation
The next component of the system was actuation, which was achieved using the ElectroPuls E1000 Instron machine. This component involved a pulley system that interfaced with the Instron to provide active actuation to the system. One limitation of the setup was that there was only one actuator. Due to this, the triceps brachii were attached to a free hanging weight in order to simulate extension of the forearm as well as co-contraction. A picture of the final setup can be seen below. 
B. Validation
The final design of the dynamic elbow simulator was validated during design implementation exercises. Accuracy and precision of the system was assessed via a series of mock testing using synthetic sawbones and a cadaveric specimen.
III. RESULTS
A. Design validation
Several aspects of the system needed to be validated prior to cadaveric testing. Steps were taken to validate the locations of the pulleys, actuation rates and theoretical calculations.
1) Pulley Locations OpenSim 3.2 was used to determine the angle in which to apply loads to each muscle group. This maintained the muscle lines of action which increased the physiologically relevance. Muscle origin, wrapping, and insertion points could be found for each muscle group for the 14 cadaveric specimens available to the group by scaling the Arm26 model. By using these selected points for each muscle group for all the cadaveric specimens, a linear equation could be made to represent each of the muscle lines of action for each cadaveric specimen. From this range, the pulley locations were selected.
2) Rates To validate appropriate rates of actuation, a motion capture study was conducted using a Polhemus G4 motion tracking system. The system was used to record and analyze the kinematics of two relevant acts of daily living (ADL). The data was processed using MATLAB to calculate the linear velocity of the biceps brachii tendon. The slow and fast rates had linear velocities of 91.4 mm/s and 302.3 mm/s, respectively. Due to limitations of the Instron, only fractions of the slower rate were used in cadaveric testing.
3) Theoretical Calculations To validate expected data from the cadaveric study, static calculations were performed to find theoretical joint reaction forces (JRF) about the elbow at different degrees of flexion. These calculations were performed in order to compare to Tekscan data collected in the biomechanical study. Static calculations were completed using anthropomorphic data and OpenSim software. Computation of equations was performed in MATLAB.
B. Final Design Implementation
Final verification of the testing system was performed via design implementation by using the apparatus with a cadaveric specimen. Later validation will be completed in a biomechanical study using several cadaveric specimens.
IV. DISCUSSION AND CONCLUSION
We were able to successfully design a dynamic elbow flexion simulator for cadaveric testing that met all of the project objectives. The setup effectively simulated flexion within the target range of 30 o to 120 o while maintaining as much physiological relevance as possible. The flexion motion was produced with active actuation using the ElectroPuls 1000 Instron at two percentages of validated flexion rates. The device will be used in a biomechanical study to validate a computer model of the elbow for further understanding of the joint and future UCL reconstruction methods.
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